Amyloid-b (Ab) is known to induce apoptotic cell death and its underlying mechanism has been studied extensively, but the endogenous protection mechanism that results from Ab insult is less known. In this study, we have found that Ab 1À42 produced a dose-dependent decrease in cell viability and dose-dependent increase in apoptotic cell death in PC12 cells. Meanwhile, Ab 1À42 (0.1 lM) increased the phosphorylation of serum-and glucocorticoid-inducible kinase1 (SGK1) at Ser-78 specifically. A parallel increase in ERK1/2, STAT1 and STAT2 phosphorylation and the anti-apoptotic gene Mcl-1 expression was also observed. Transfection of rat siRNAs against ERK1/2, SGK1, STAT1 and STAT2 abolished these effects of Ab. Transfection of sgkS78D, the constitutively active SGK1, dose-dependently protected against Ab-induced apoptosis and dose-dependently increased the expression of Mcl-1. SGK1 activation further phosphorylates STAT1 at Tyr-701 and Ser-727 directly, and activates STAT2 at The presence of senile plaque is a major pathological hallmark of Alzheimer's disease (AD) and amyloid-b peptides (Ab 1À40 , Ab 1À42 ) are the major components of senile plaque. Ab is generated from sequential and proteolytic cleavage of the amyloid precursor protein (APP) by b-and g-secretases.
The presence of senile plaque is a major pathological hallmark of Alzheimer's disease (AD) and amyloid-b peptides (Ab 1À40 , Ab 1À42 ) are the major components of senile plaque. Ab is generated from sequential and proteolytic cleavage of the amyloid precursor protein (APP) by b-and g-secretases.
1 Ab is known to cause lipid peroxidation, free radical production, caspase-3 activation, protein cleavage and DNA fragmentation that finally lead to apoptosis. [2] [3] [4] Ab also promotes the expression of some pro-inflammatory genes, such as cyclooxygenase-2 and interleukin-1b, and activation of these signalings would also result in apoptosis. 5 Further, Ab was shown to activate the p53 promoter and result in p53-dependent apoptosis. 6 On the other hand, when Ab produces its toxicity, cells would also develop defense mechanisms to cope with Ab toxicity. For example, a nonamyloidogenic neurotrophic peptide sAPPa is generated by a-secretase cleavage of APP and sAPPa is shown to activate neuroprotectin D1 to promote cell survival. 5 However, with the role and mechanism of Ab-induced toxicity been studied extensively, the endogenous rescue mechanism caused by Ab is less known.
Serum-and glucocorticoid-inducible kinase 1 (SGK1) is a member of the serine/threonine protein kinase family that is induced transcriptionally by glucocorticoid and serum 7 and it governs a variety of cellular functions. 8 SGK1 is a downstream target of phosphatidylinositol 3-kinase (PI3-K) signaling. 9 SGK1 is directly phosphorylated by 3-phosphoinositidedependent protein kinase 1 (PDK1) at Thr-256 on SGK1 phosphorylation by PDK2 at Ser-422. 10 In addition, SGK1 is phosphorylated by p38 mitogen-activated protein kinase (p38 MAPK) at Ser-78 and p38 MAPK phosphorylation of SGK1 mediates cell survival in response to interleukin-6 stimulation. 11 In another study, SGK1 was shown to promote cell survival through phosphorylation and inactivation of the proapoptotic forkhead transcription factor FKHRL1. 12 Further, induction of SGK1 protects epithelial tumor cells from serum starvation-induced apoptosis. 13 These results suggest that SGK1 has an important function in cell survival. However, whether SGK1 also mediates a survival signaling on Ab stimulation and how does it mediate cell survival is not known.
Signal transducers and activators of transcription (STAT) factors are a family of transcription factors that mediate the effect of various cytokines, growth factors and hormones and regulate various cellular functions including cell growth, differentiation, apoptosis and development. 14, 15 STATs are believed to produce these effects through transcriptional regulation of gene expression on STAT phosphorylation at tyrosine, dimerization and translocation to the nucleus. 16 Some STATs are also phosphorylated at the serine residue and STAT phosphorylation at serine was shown to enhance the transcriptional activity of STAT, such as STAT1 phosphorylation at Ser-727. 17 STAT1 is implicated in the regulation of apoptosis. [18] [19] [20] For example, overexpression of STAT1 enhances apoptotic cell death in cardiac myocyte after ischemia-reperfusion, but STAT1 antisense manipulation reduces apoptosis and decreases STAT1-induced caspase 1 and apoptotic gene (FAS, FASL) promoter activity. 21, 22 Further, overexpression of STAT1 inhibits the promoter activity of anti-apoptotic genes Bcl-2 and Bcl-XL . 23 STAT1 also induces apoptosis through interacting with p53 and enhanced expression of p53-regulated genes. 24 On the other hand, few recent studies showed that STAT1 could also be a survival factor. For example, STAT1 phosphorylation at Ser-727 by casein kinase 2 (CK2) is resistant to apoptosis in Wilms' tumor cells through upregulation of the expression of heat-shock protein 27 and myeloid cell leukemia . 25 In addition, increase in STAT1 and STAT1 phosphorylation plays a role in docetaxol resistance in prostate tumor cells through regulation of clusterin. 26 To further elucidate the role of STAT1 involved in apoptosis, in this study we examined whether Ab activates STAT1 and whether STAT1 activation by Ab mediates apoptosis or survival. We also examined the expression of the anti-apoptotic gene Mcl-1 27, 28 involved in Ab toxicity. Ab 1À42 was used in this study. Our results revealed that Ab activates ERK1/2 and activates SGK1 at Ser-78 selectively. SGK1 activation further phosphorylates STAT1 at Tyr-701 and Ser-727 directly, and activates STAT2 at Ser-690 indirectly. This signaling cascade leads to increased expression of Mcl-1 that protects against Ab-induced apoptosis.
Results
Ab induces apoptosis and enhances Mcl-1 expression for cell protection. Different concentrations of Ab (0.01-5.0 mM, dissolved in 1% DMSO) were added to PC12 cells and their effects on apoptotic cell death and Mcl-1 expression were examined. Results from TUNEL (terminal deoxynucleotidyl transferase dUTP nick-end labeling) assay revealed that Ab produced a dose-dependent increase in apoptotic cell death (Po0.01) (Figure 1a Ab activates SGK1 at Ser-78 to mediate cell survival. In this experiment, we examined the protein kinase that mediates Ab signaling to Mcl-1. SGK1 was shown to mediate cell survival in response to various stress stimuli. We, therefore, examined the role of SGK1 here. Ab was added to PC12 cells and SGK1 activation was examined at various time points after Ab (15, 30, 60, 180 and 360 min). A representative gel pattern for Ab phosphorylation of SGK1 was shown in Figure 2a . Results revealed that Ab increased SGK1 phosphorylation at Ser-78 in a time-dependent manner with the maximum effect observed at 30 min (Po0.01) (Figure 2b, upper) . This effect declined 60 min later. But SGK1 phosphorylation at Thr-256 and Ser-422 was not affected by Ab (Figure 2b , middle and lower). Meanwhile, Ab increased the phosphorylation of extracellular signalregulated kinase 1/2 (ERK1/2) at a parallel time course or shortly before SGK1 Ser-78 phosphorylation (Po0.05 or Po0.01, Figure 2c ). These results suggest that ERK1/2 phosphorylation may be related to SGK1 phosphorylation.
As SGK1 was activated by Ab at Ser-78, if SGK1 plays a protective role, then activation of SGK1 at Ser-78 should protect against Ab-induced toxicity. We tested this hypothesis here. Various constitutively active SGK1 including sgkS78D, sgkT256D, sgkS422D, the wild-type SGK1 (sgkWT) and kinase-dead SGK1 (sgkK127M) (1.6 mg each) were transfected to PC12 cells 24 h before Ab treatment. Results revealed that Ab decreased cell viability (Po0.01); transfection of sgkWT alone did not have an effect, but transfection of sgkWT and sgkS78D both partially reduced this effect of Ab (both Po0.05 compared with Ab group) (Figure 2d ). However, transfection of sgkT256D and sgkS422D was without such an effect (P40.05) (Figure 2d ). To confirm that sgkWT and sgkS78D do affect cell viability rather than cell proliferation, TUNEL assay was also carried out. Our results showed that both sgkWT and sgkS78D partially inhibited Ab-induced apoptosis (Supplementary Figure S2) , supporting the results obtained from MTT assay. To further examine the protective role of sgkS78D, different concentrations of sgkS78D (0.4, 0.8, 1.6 and 3.2 mg) were transfected to PC12 cells together with Ab. Results revealed that Ab consistently decreased cell viability (Po0.01), but sgkS78D transfection reversed this effect of Ab in a dose-dependent manner (Po0.05 or Po0.01) (Figure 2e ). As the effect of Ab and sgkS78D on cell viability was confirmed by TUNEL assay earlier ( Figure 1a ; Supplementary Figure S2) , it is not re-examined here. We next examined whether SGK1 Ser-78 activation enhances Mcl-1 expression. Different concentrations of sgkS78D (0.4, 0.8, 1.6 and 3.2 mg) and sgkS78A (3.2 mg), the dominant negative sgk1, were transfected to PC12 cells and Mcl-1 mRNA expression and protein expression were examined. Results revealed that sgkS78D enhanced Mcl-1 mRNA expression in a dose-dependent manner (Po0.05 or Po0.01), whereas sgkS78A decreased Mcl-1 mRNA expression (Po0.01) (Figure 2f ). The effectiveness of sgk1 plasmid transfection and expression was confirmed by western blot against the HA tag (Figure 2f, bottom) . Meanwhile, sgkS78D increased Mcl-1 protein level in a dose-dependent manner, whereas sgkS78A decreased Mcl-1 protein level ( Figure 2g) .
As Ab is a deleterious stimulus that also activates stressinduced c-Jun-N-terminal kinase (JNK) activation and cell death, 29 in this study, we examined whether Ab treatment to PC12 cells would also activate JNK and whether Ab activation of SGK1 may depend on Ab activation of JNK. The JNK inhibitor SP600125 (50 mM) was added to PC12 cells 30 min before Ab and western blot was carried out 30 min after Ab treatment. Results showed that Ab consistently increased SGK1 phosphorylation at Ser-78. Ab also increased the phosphorylation level of JNK (mainly the upper band). However, prior SP600125 treatment inhibited Ab-induced JNK phosphorylation, but it did not alter Ab-induced SGK1 SGK1 directly phosphorylates STAT1 and indirectly activates STAT2. The above results indicated that both Ab and SGKS78D increased Mcl-1 expression to enhance cell survival. We next examined the molecule downstream of SGK1 that regulates Mcl-1 expression. In analyzing the promoter sequence of the Mcl-1 gene, two ISRE elements (GAAANNNAAAC) were found from nucleotide À302 to À311 and À400 to À409 (Figure 3a) . ISRE is the specific binding site for STAT1/STAT2 heterodimer, 30 we therefore examined whether SGK1 may phosphorylate STAT1 and STAT2 to regulate Mcl-1 expression. In vitro kinase assay using active SGK1 (10, 50 and 100 ng) and recombinant STAT1 revealed that SGK1 directly phosphorylates STAT1 in a dose-dependent manner (Figure 3b ). Further western blotting indicated that SGK1 phosphorylates STAT1 at both Tyr-701 and Ser-727 ( Figure 3b ). We next examined whether SGK1 directly phosphorylates STAT1 at Tyr-701 and Ser-727. Active SGK1 and His-tagged STAT1 WT and mutant (STAT1Y701F, STAT1S727A) proteins were used. Results showed that SGK1 phosphorylates STAT1 at Tyr-701 and Ser-727 directly (Figure 3c ). Similar in vitro and in vivo kinase assays were conducted for active SGK1 (100 ng) and recombinant STAT2 with and without the addition of PC12 cell lysate (10 mg). Results revealed that there is a basal level of STAT2 phosphorylation by endogenous kinases in the lysate (comparing lane 1 and lane 2), but SGK1 does not further increase this phosphorylation level (comparing lane 2 and lane 3) (Figure 3d ). In vitro kinase assay also showed that STAT2 is not a substrate for SGK1 (lanes 4-6, Figure 3d ).
We next examined whether SGK1 is associated with STAT1 and STAT2. HA-SGK1 and Flag-STAT1 plasmids were co-transfected to HEK293T cells for immunoprecipitation and immunoblotting experiments. Results revealed that SGK1 is associated with STAT1 and vice versa (Figure 3e ). Similar experiment was carried out for SGK1 and STAT2 by co-transfection of HA-SGK1 and V5-STAT2 plasmids to HEK293T cells. Results revealed that SGK1 is also associated with STAT2 and vice versa (Figure 3f ).
We next examined whether SGK1 activates endogenous STAT1 and STAT2 in vivo. SgkS78D, sgkS78A and sgkK127M were transfected to PC12 cells and STAT1 phosphorylation at Tyr-701, Ser-727 and STAT2 phosphorylation at Tyr-690 was examined by western blot using specific phospho-(p) antibodies. Results revealed that sgkS78D apparently increased the level of STAT1 phosphorylation at Tyr-701 and Ser-727, but this effect was reversed by both sgkS78A and sgkK127M transfection (Figure 3g ). The effectiveness of sgkS78D, sgkS78A and sgkK127M transfection and expression was confirmed by western blot against HA (Figure 3g , bottom). Meanwhile, sgkS78D increased STAT2 phosphorylation at Tyr-690, and this effect was also reversed by sgkS78A and sgkK127M transfection ( Figure 3h ). Sgk1 plasmid transfection and expression was confirmed by western blot against HA (Figure 3h , bottom). These results showed that SGK1 directly phosphorylates STAT1 and indirectly activates STAT2.
Ab activates STAT1 and STAT2 through activation of SGK1 at Ser-78. The above results showed that Ab activates SGK1 at Ser-78, and SGK1 phosphorylation at Ser-78 activates STAT1 and STAT2, but these results do not reveal whether Ab could also activate STAT1 and STAT2 and whether Ab activation of STAT1 and STAT2 is mediated through SGK1 Ser-78 activation. Time course study of Ab treatment on STAT1 and STAT2 phosphorylation was carried out by western blot using specific p-antibodies. A representative gel pattern is shown in Figure 4a Figure 4 Ab activation of STAT1 and STAT2 is mediated through SGK Ser-78 activation. Ab was added to PC12 cells with or without sgkS78A and sgkK127M transfection (24 h before Ab) and (a, b) STAT1 phosphorylation (c) STAT2 phosphorylation was assessed at various time points after Ab by western blot and quantified. Transfection and expression of sgkS78A and sgkK127M was confirmed by western blot against HA. (d) The stat1 or stat2 mutant plasmid was transfected to PC12 cells 24 h before Ab for assessment of STAT1 and STAT2 phosphorylation by western blot 30 min after Ab. Transfection and expression of the stat1 mutant and stat2 mutant was confirmed by western blot against the Flag tag and V5 tag, respectively (upper). The result of STAT1 Ser-727 phosphorylation level was also quantified (lower). Data are expressed as mean ± S.E.M. Experiments are in triplicates of sgkS78A and sgkK127M both antagonized this effect of Ab (Po0.01 compared with Ab group at 30 min). Transfection and expression of sgkS78A and sgkK127M was confirmed by western blot against HA (Figure 4b, bottom) . Similar results were found with STAT2. Ab increased STAT2 phosphorylation at Tyr-690 15, 30, 60 and 180 min later (Po0.05 or Po0.01), but this effect was also antagonized by sgkS78A and sgkK127M transfection (Po0.01 compared with Ab group at 30 min) (Figure 4c ). SgkS78A and sgkK127M transfection and expression was confirmed by western blot against HA (Figure 4c, bottom) .
Next, we examined whether Ab activation of STAT1 at Tyr-701 is dependent on a prior activation of STAT1 at Ser-727 or vice versa. The STAT1 mutant plasmids were transfected to PC12 cells 24 h before Ab. Results revealed that Ab increased endogenous STAT1 phosphorylation At this point, we have adopted the reverse Ab as a control to examine whether Ab 42À1 might also affect ERK1/2 phosphorylation, SGK1 phosphorylation, STAT1/STAT2 phosphorylation and Mcl-1 expression as that observed with Ab 1À42 . Results showed that the same concentration of Ab 42À1 (0.1 mM) added to PC12 cells did not affect any of these measures (Supplementary Figure S3 ). (Figure 5a ). These constructs were transfected to PC12 cells together with sgkWT, sgkS78D or sgkS78A and luciferase assay was performed 24 h later. Results revealed that both sgkWT and sgkS78D increased ISRE luciferase activity without affecting the luciferase activity of STAT3 and GAS (Po0.01) (Figure 5b ). Next, we examined whether SGK1 increases Mcl-1 expression through the mediation of ISRE. Two nucleotides of two ISRE elements on the Mcl-1 promoter were mutated separately (AA mutated to GT from nucleotide À402 to À403 and AAA mutated to GAC from nucleotide À308 to À310) and this construct was co-transfected with sgkS78D to PC12 cells. Results revealed that sgkS78D increased the luciferase activity of Mcl-1 wild-type promoter (Po0.01), but not Mcl-1 mutant promoter ( Figure 5c ).
SGK1 increases
As sgkS78D increased ISRE promoter activity and Mcl-1 expression (Figure 2f ), we next examined whether sgkS78D upregulates Mcl-1 expression through the mediation of STAT1/STAT2. SgkS78D and the STAT1, STAT2 mutant plasmids (stat1Y701F/stat1S727A and stat2Y690F) were cotransfected to PC12 cells and Mcl-1 mRNA expression was examined. Results revealed that sgkS78D increased Mcl-1 mRNA level (Po0.01), but this effect was completely reversed by co-transfection of the STAT1 and STAT2 mutant plasmids (Po0.01 compared with sgkS78D group) (Figure 5d ). Transfection and expression of these plasmids was confirmed by western blot against HA, Flag and V5, respectively (Figure 5d, bottom) .
Next, we examined whether Ab increases Mcl-1 expression through the mediation of SGK1 Ser-78 activation. SgkS78A and sgkK127M were transfected to PC12 cells 24 h before Ab. Results revealed that Ab markedly increased Mcl-1 mRNA level (Po0.01), but this effect was completely antagonized by prior sgkS78A and sgkK127M transfection (both Po0.01 compared with Ab group) (Figure 5e ). Transfection and expression of sgkS78A and sgkK127M was confirmed by western blot against HA (Figure 5e, bottom) .
Lastly, we examined whether Ab upregulates Mcl-1 mRNA expression and protein expression through the mediation of STAT1/STAT2. Stat1Y701F, stat1S727A and stat2Y690F mutant plasmid, alone or in combination, was transfected to PC12 cells together with Ab. Results revealed that Ab increased Mcl-1 mRNA level (Po0.01), but transfection of any of the STAT mutant plasmid blocked this effect of Ab (Po0.01 compared with Ab group, Figure 5f ). Transfection and expression of the STAT1 and STAT2 mutant plasmids was confirmed by western blot against Flag and V5, respectively (Figure 5f, bottom) . Meanwhile, transfection of these mutant plasmids also blocked Ab-induced Mcl-1 protein expression (Figure 5g ).
SGK1 protects against Ab-induced apoptosis through the mediation of STAT1/STAT2. The above results showed that SGKS78D protects against Ab-induced apoptosis and that SGK1 signals to STAT1/STAT2, but it is not known whether the protective effect of SGKS78D is mediated through STAT1/STAT2. This issue was examined here. Different concentrations of STAT1/STAT2 wild-type plasmid were transfected to PC12 cells together with Ab for cell viability assay. Results revealed that Ab markedly decreased cell viability (Po0.01), but this effect was reversed by stat1/stat2 transfection in a dose-dependent manner (Po0.05 or Po0.01) (Figure 6a ). Transfection of stat1/stat2 alone was without a marked effect. Transfection and expression of the stat1 and stat2 plasmids was confirmed by western blot against Flag and V5, respectively (Figure 6a, bottom) . Next, the stat1Y701F/ stat1S727A/stat2Y690F mutant plasmid was co-transfected with sgkS78D together with Ab for cell viability assay. Results revealed that Ab decreased cell viability (Po0.01). Transfection of sgkS78D effectively protects against this effect of Ab (Po0.01 compared with Ab group), but this protective effect was further reversed by stat1Y701F/ stat1S727A/stat2Y690F co-transfection (Po0.01 compared with sgkS78D þ Ab group) (Figure 6b ). Transfection and expression of the sgk1, stat1 and stat2 mutant plasmid was confirmed by western blot against HA, Flag and V5, respectively (Figure 6b, bottom) .
To further confirm that Ab treatment and stat1, stat2 transfection does affect cell death rather than cell proliferation in the above experiments, additional experiment with TUNEL assay was carried out. Result showed that Ab consistently induced apoptotic cell death, but this effect is partially inhibited by stat1/stat2 transfection (0.1 mg each) (Supplementary Figure  S4) . As the same issue for sgkS78D transfection has been examined earlier (Supplementary Figure S2) , it is not studied again here regarding the results obtained from Figure 6b .
Verification of ERK1/2-, SGK1-and STAT1/STAT2-mediated signaling and Mcl-1 expression on Ab insult by using siRNA knockdowns. The above results together showed a novel endogenous signaling pathway that is activated on Ab insult to mediate cell survival. However, some of these experiments have used the overexpression strategy. To further confirm the role of these molecules involved in this signaling pathway and biological response, specific siRNA against each molecule is used here. In the first experiment, ERK1 siRNA and ERK2 siRNA (50 pmol each) was first transfected to PC12 cells. Ab was given 48 h after these siRNA transfections and SGK1 phosphorylation, STAT1/STAT2 phosphorylation was examined 30 min after Ab treatment. Alternatively, Mcl-1 expression was examined 24 h after Ab. Results in Figure 6c revealed that Ab consistently increased SGK1 phosphorylation at Ser-78, STAT1 phosphorylation at Tyr-701 and Ser-727, STAT2 phosphorylation at Tyr-690 and Mcl-1 protein expression. All these effects were blocked by prior ERK1 siRNA and ERK2 siRNA transfection. The effectiveness of ERK1 siRNA and ERK2 siRNA transfection was confirmed by an obvious reduction in ERK1 and ERK2 protein level, respectively.
Next, to show that STAT1/STAT2 phosphorylation and Mcl-1 expression induced by Ab is mediated through SGK1, SGK1 siRNA (50 pmol) was transfected to PC12 cells 48 h before Ab treatment. STAT1/STAT2 phosphorylation was measured 30 min after Ab, whereas Mcl-1 expression was measured 24 h after Ab. Results revealed that Ab increased STAT1 phosphorylation at Tyr-701 and Ser-727, STAT2 phosphorylation at Tyr-690 and Mcl-1 protein expression. But these effects were completely abolished by prior SGK1 siRNA transfection (Figure 6d ). The effectiveness of SGK1 siRNA transfection was confirmed by an apparent reduction of SGK1 protein level (Figure 6d) .
Lastly, we need to verify that Ab-induced increase in Mcl-1 protein expression is mediated through STAT1 and STAT2. To address this issue, STAT1 siRNA and STAT2 siRNA (50 pmol each) was transfected to PC12 cells 48 h before Ab treatment and Mcl-1 expression was measured 24 h after Ab. Results revealed that prior STAT1 siRNA and STAT2 siRNA transfection completely antagonized Ab-induced Mcl-1 protein expression (Figure 6e ). The effectiveness of STAT1 siRNA and STAT2 siRNA transfection was confirmed by a marked reduction in STAT1 and STAT2 protein level, respectively.
Ab activates SGK1 signaling for cell protection in rat hippocampus. The above results together showed a novel ERK1/2-SGK1-STAT1/STAT2 signaling pathway that is activated on Ab insult to mediate cell protection in PC12 cells. This study examined this issue in rat hippocampus. Ab (24 mg) and reverse Ab (Ab 42À1 ) (24 mg) were directly injected into hippocampal CA1 area in different animals and ERK1/2 phosphorylation, SGK1 phosphorylation, STAT1/STAT2 phosphorylation and Mcl-1 expression were measured at various time points after these treatments. Consistent with that observed in PC12 cells, results showed that Ab injection apparently increased the phosphorylation level of ERK1/2, SGK1 at Ser-78, STAT1 at Tyr-701 and Ser-727, STAT2 at Tyr-690 30 min later. This effect gradually declined thereafter. Meanwhile, Ab also increased Mcl-1 expression 24 h later (Figure 7a) . However, the same concentration of To examine whether Ab does produce toxicity in hippocampal neurons, and whether sgkS78D protects against Ab-induced toxicity, we also examined Ab-induced apoptosis and neuronal loss in rat hippocampus. Results from TUNEL staining showed that Ab injection to hippocampal CA1 area markedly increased the number of apoptotic cells (Po0.01), sgkS78D transfection partially, but significantly, inhibited Ab-induced cell death (Po0.05 compared with Ab group) (Figure 7b ). Transfection and expression of sgkS78D in CA1 neurons was confirmed by immunoprecipitation and western blot against the HA tag (Figure 7b, bottom) . The same Ab injection also apparently decreased the number of NeuNpositive cells in the hippocampus (Supplementary Figure S5) , confirming the toxicity of Ab produced in neurons. Figure 7c is the immunohistochemical staining for Ab (red) and thioflavin S (green) showing that Ab was indeed injected into the hippocampal CA1 area and the injected Ab does form aggregates, respectively.
Discussion
The present results show a novel SGK1-STAT1/STAT2 pathway that is activated on Ab insult to upregulate Mcl-1 expression to mediate cell survival. Ab was shown to activate SGK1 at Ser-78 selectively to activate this pathway. This result is consistent with the finding that p38 MAPK activation of SGK1 at Ser-78 also mediates cell survival. 11 In examination of the possible upstream signal of SGK1, we have found that Ab dramatically increased ERK1/2 phosphorylation at a parallel time course and that ERK1 siRNA and ERK2 siRNA abolished the effect of Ab on SGK1 Ser-78 activation. This result suggests that Ab activation of SGK1 is mediated through ERK1/2. This finding is consistent with the notion that ERK1/2 plays a survival role against apoptosis 31 and that ERK1/2 signaling mediates a neuroprotective response. 32 Ab is a deleterious stimulus that also activates JNK. But our results showed that Ab activation of SGK1 is independent of Ab activation of JNK. On the other hand, the same concentration of Ab did not increase (it actually decreased) the phosphorylation of Akt1 (Supplementary Figure  S6) , a protein kinase that shares approximately 55% sequence homology in its catalytic domain to that of SGK1. 10 Although PI3-K is also implicated in anti-apoptosis in response to various stress stimuli, our result suggests that it does not mediate Abinduced protection mechanism. This result is inconsistent with another report showing that Ab (25-35) dramatically increased Akt1 phosphorylation in PC12 cells. 33 One possible explanation for this discrepancy is probably due to a 400-fold higher concentration of Ab used in the latter study. Different signaling pathway and protection mechanism may be activated depending on the extent of Ab insult. In addition, different Ab fragments were used in these studies.
In examination of the protective role of SGK1 activation against Ab-induced apoptosis, we found that transfection of sgkS78D dose-dependently rescued Ab-induced decrease in cell survival. It also dose-dependently enhanced Mcl-1 expression, and this effect was reversed by sgkS78A. These results are consistent with a recent report showing that SGK1 produces an anti-apoptotic effect through activation of the IkB kinase. 34 It is also congruent with the report that SGK1 promotes cell survival through inactivation of the pro-apoptotic transcriptional factor FKHRL1. 12 In addition, inactivation of GSK-3b was shown to suppress Ab-induced neurotoxicity 35 and SGK1 was shown to phosphorylate GSK-3b and reduce its activity. 10 Therefore, SGK1 may protect against Ab toxicity also through inactivation of GSK-3b. On the other hand, transfection of the highest concentration of sgkS78D did not completely rescue Ab-induced cell death. This result suggests that other factors are possibly also involved in the protective mechanism against Ab toxicity. For example, CK2 was shown to produce an anti-apoptotic and neuroprotective effect 36, 37 and CK2 was also shown to phosphorylate STAT1 to increase heat shock protein and Mcl-1 expression for cell survival. 25 In studying the downstream molecule that mediates the protective effect of SGK1, we found that SGK1 directly phosphorylates STAT1 at Tyr-701 and Ser-727 and indirectly activates STAT2 at Tyr-690. Further, SGK1 activation of STAT1/STAT2 mediates Ab-induced Mcl-1 expression and rescues Ab-induced apoptosis. STAT1 is implicated in the regulation of apoptosis in many studies, but some studies have suggested an anti-apoptotic role for STAT1. One explanation for this discrepancy is probably due to different dimers formed by STAT1. Our result indicated that the STAT1/STAT2 heterodimer plays an anti-apoptotic role against Ab toxicity. Moreover, Ab was shown to induce CREB phosphorylation at Ser-133 through ERK1/2 signaling in PC12 cells. 38 Our result of identification of this novel SGK1-STAT1/ STAT2 pathway downstream of ERK1/2 signaling is also congruent with the report that p38 MAPK enhances STAT1-dependent transcription. 39 It is well known that STAT1 could be activated by various cytokines and growth factors, but in this study, we are the first to show that STAT1 could also be activated by a neurotoxin to mediate cell survival. Whether STAT1 could also be activated by other neurotoxic stimuli to mediate survival response requires further investigation.
In this study, overexpression of STAT1/STAT2 dosedependently protected against Ab-induced decrease in cell survival, but the highest concentration of STAT1/STAT2 did not completely reverse this effect of Ab. Similar to the situation of sgkS78D, the involvement of other transcription factors cannot be excluded, such as NF-kB and CREB. Our results also indicated that SGK1 directly phosphorylates STAT1 but indirectly activates STAT2. Whereas the co-immunoprecipitation experiment revealed that SGK1 is associated with STAT2. The kinase that bridges SGK1 and STAT2 is not known yet, but the Janus kinase (JAK) could be a possible candidate because JAK was shown to phosphorylate the tyrosine residue of STAT2 that provides a docking site for latent STAT1 in response to Type 1 IFNa/b stimulation. 30 In addition, JAK1 contains the RXRXXS/T motif (RCRPVT, amino acid 853-858) that fits to the substrate sequence motif of SGK1 (http:// tw.expasy.org/prosite/). 40 But the identification of this kinase requires further investigation. Moreover, SGK1 is known as a serine/threonine protein kinase, but we have found that it also phosphorylates the tyrosine residue of STAT1 (Y701). In another study, CK2 (a serine/threonine protein kinase) was found to also phosphorylate the tyrosine residue of Fpr3 (Y184), a nucleolar immunophilin of yeast. 41 This result suggests that SGK1 could also be a dual specificity kinase in the regulation of certain signaling pathway and cellular function. But its dual kinase role requires further examination.
Our results indicated that overexpression of Mcl-1 effectively protected against Ab-induced apoptosis, whereas Mcl-1 siRNA potentiated Ab-induced apoptosis. Yet, overexpression of Mcl-1 did not completely block Ab-induced apoptosis (Figure 1f) . It is conceivable that Mcl-1 is not the only antiapoptotic gene that protects against Ab toxicity. For example, our preliminary results revealed that low-to-moderate concentrations of Ab also increased the expression of Bcl2 (Supplementary Figure S7) . The signaling pathway that mediates Ab activation of Bcl2 requires further investigation.
In this study, PC12 cells were not treated with nerve growth factor (NGF) and, therefore, the cells remained at a proliferating state. The reason for not adding NGF is because that NGF is well known to activate ERK1/2, 42 and we have also found that NGF (50 ng) apparently increased the phosphorylation of ERK1/2, SGK1 at Ser-78 and STAT1 at Tyr-701 and Ser-727 (Supplementary Figure S8) . These results would seriously confound the results we obtained with Ab stimulation. Nevertheless, the present results are verified in the hippocampus in vivo (Figure 7 ). In addition, this study was designed to use a concentration of Ab (0.1 mM) that induces approximately 40-50% apoptosis in PC12 cells because it is our hypothesis that the endogenous survival signaling and response was activated only when there is a low-to-moderate degree of insult (in this case, it is Ab) to counter its apoptotic effect. These results also implicate the biological significance of SGK1 signaling in that a stimulus that activates SGK1 at Ser-78 would protect neurons against Ab stimulation and perhaps other environmental insults. It further implicates that induction of sgk1 and stat1/stat2 may play a protective role against neurodegeneration.
In conclusion, here we have shown that low concentration of Ab increases the phosphorylation of SGK1 at Ser-78 selectively that is mediated through ERK1/2 activation. SGK1 activation further directly phosphorylates STAT1 at Tyr-701 and Ser-727 and indirectly activates STAT2 at Tyr-690. STAT1/STAT2 phosphorylation consequently upregulates the expression of Mcl-1 which in turn protects against Ab-induced apoptosis (Figure 8 ). This work shows a novel defense mechanism that is activated on Ab insult to add plasticity to the cell for cell survival.
Materials and Methods
Cell culture. Rat pheochromocytoma (PC12) cells were cultured at a density of 5.4 Â 10 5 cells/well on plates coated with 100 mg/ml poly-L-lysine (Sigma-Aldrich, St. Louis, MO, USA). Cells were maintained in DMEM (Hyclone, Logan, UT, USA) with 5% fetal bovine serum (Hyclone), 10% horse serum (Invitrogen, Carlsbad, CA, USA) and 1% penicillin/streptomycin. Human embryonic kidney 293T (HEK293T) cells were maintained in DMEM medium supplemented with 10% horse serum and 1% penicillin/streptomycin. Cells were cultured in an incubation chamber gassed with 5% CO 2 and 95% air at 371C. The synthetic b-amyloid peptide (Ab 1À42 ) (Sigma-Aldrich) was dissolved in 1% DMSO and added to PC12 cells to a final concentration of 0.01, 0.05, 0.1, 0.5, 1.0 and 5.0 mM. As the biological activity of Ab 1À42 depends on whether it forms oligomers, 3 we have first examined this issue in PC12 cell. Result from western blot using anti-Ab antibody showed that Ab 1À42 added to PC12 cell medium is available in its oligomeric form (Supplementary Figure S9) , and this result is consistent with that reported in the literature. 43 This Ab treatment was therefore used throughout the experiments. The reverse Ab (Ab 42À1 ) (Anaspec, San Jose, CA, USA) was used as a negative control. 44 Cells were incubated for 15, 30 min, 1, 3, 6 or 24 h at 371C before harvest.
Plasmid DNA construction and transfection. Procedures for construction of pcDNA3-HA-SGK1 (wild-type), sgk1 mutant constructs at Ser-78 (sgkS78A and sgkS78D), Thr-256 (sgkT256A and sgkT256D) and Ser-422 (sgkS422A and sgkS422D) and the kinase-dead sgk1 (sgkK127M) were described elsewhere. 9 The full-length STAT1-Flag, stat2 and Mcl-1 cDNA plasmids were purchased from Addgene (Cambrige, MA, USA). The STAT2-V5 and Mcl-1-Flag plasmids were constructed by cloning stat2 and Mcl-1 cDNA behind the V5-His tag of pcDNA3.1/V5-His-TOPO (Invitrogen) and Flag tag of pCMV-Tag 2B (Stratagene, La Jolla, CA, USA), respectively. The mutant stat1 plasmids (stat1Y701F and stat1S727A) and stat2 plasmid (stat2Y690F) were generated by using the QuickChange Site-Directed Mutagenesis Kit (Stratagene). All plasmids were transfected to PC12 cells by using the Lipofectamine 2000 reagent (Invitrogen). The transfection efficiency in PC12 cells is approximately 30-40% in our system (Supplementary Figure S10) , but all the data were obtained from the entire culture rather than from transfected cells only. Thus, there is probably an underestimation of the effects observed with all transfections. But all transfections were successfully confirmed by western blot against the HA, Flag and V5 tag, respectively.
RNA interference. The following rat siRNAs against each gene were used: ERK1, ERK2, SGK1, STAT1, STAT2, Mcl-1 and the Silencer Negative Control number 1 siRNA. The sense and antisense sequences for each gene is listed in Supplementary Table S1 . They were all purchased from Applied Biosystems (Foster City, CA, USA).
MTT assay. PC12 cell viability was evaluated by MTT assay 24 h after Ab treatment or after transfection with various expression plasmids. Cells were incubated with MTT reagent (Sigma-Aldrich) at 371C for 4 h. The amount of MTT formazan product was quantified by measuring its absorbance at 570 and 630 nm using an ELISA plate reader (Spectra Max 340 PC, Molecular Devices, Sunnyvale, CA, USA). TUNEL assay. TUNEL assay by using the Apoptag plus peroxidase in situ apoptosis detection kit was adopted to detect the apoptotic cell according to the manufacturer's protocols (Chemicon, Temecula, CA, USA). TUNEL assay was performed 24 h after Ab treatment or 48 h after pcDNA3-HA-SGK1, pcDNA3-HA-SGKS78D, STAT1-Flag, STAT2-V5 and Mcl-1-Flag plasmid transfections in the presence of Ab. PC12 cells were fixed in 1% paraformaldehyde and brain sections were fixed in 4% paraformaldehyde for 10 min. PC12 cells and brain sections were permeabilized with pre-cold EtOH/CH 3 COOH (2 : 1) for 10 min at À201C, followed by reacting with 3% H 2 O 2 for 5 min to remove the endogenous peroxidase activity. Cells and brain sections were then incubated with the TdT enzyme for 1 h at 371C followed by incubation with anti-digoxigenin peroxidase conjugate for 30 min. Apoptotic nuclei stained with DAB showed brown color. The slides were then counterstained with methyl green for visualization of total cells. Cells were examined by using a light microscope in three random fields of a given slide and the cell number was counted.
Quantitative real-time PCR. Total RNA from PC12 cells was isolated by using the Ultraspec RNA reagent (Biotecx, Houston, TX, USA). The cDNA was generated from total RNA with Superscript III reverse transcriptase (Invitrogen).
Real-time PCR analysis was performed by using the ABI PRISM 7700 sequence detection system with the TaqMan method according to the instruction manual (Applied Biosystems, Foster City, CA, USA). The primers and fluorogenic probes for Mcl-1 and HPRT were purchased from Applied Biosystems. The sgk1 primers and fluorogenic probe were designed by Primer Express Software (Applied Biosystems).
The sequences for sgk1 primers and probe were shown in Supplementary Table S2 .
The relative quantity of mRNA was estimated by using a standard curve that was created by serial dilution of the reverse transcription product from control samples. Quantitative analysis of Mcl-1 and sgk1 gene expression was normalized to that of HPRT gene expression. Membrane was developed by reacting with chemiluminescent HRP substrate (Millipore, Bedford, MA, USA) and exposed to X-ray film or LAS-3000 image system (Fujifilm, Tokyo, Japan).
Co-immunoprecipitation. HEK293T cells were co-transfected with equal amount of Tag-fusioned constructs and lysed 48 h after DNA transfection. The lysates were subjected to immunoprecipitation (0.5 mg of total protein) with 10 ml mouse anti-Flag M2 affinity gel (Sigma-Aldrich), anti-HA agarose affinity gel (50% slurry) (Sigma-Aldrich) or anti-V5 agarose affinity gel (50% slurry) (Sigma-Aldrich) at 41C for 1 h, respectively. After washing with PBS for three times, pellets were eluted by adding 20 ml of sample buffer for western blot.
6 Â His-fusion protein purification. For construction of His-STAT1, His-STAT1Y701F, His-STAT1S727A plasmids, full-length STAT1 was first sub-cloned into the pET-32 Xa/LIC vector (pET-32-STAT1). The mutant STAT1 plasmids (pET-32-STAT1Y701F and pET-32-STAT1S727A) were then generated by using the QuickChange Site-Directed Mutagenesis Kit. These expression plasmids were then transformed to bacteria culture (200 ml) of Rosetta-gami 2(DE3) pLysS (Novagen, Schwalbach, Germany) and grew at 371C until it reaches OD 600 B0.3 before IPTG (Sigma-Aldrich) was added to a final concentration of 1 mM. After a further growing for 2 h at 371C, cells were resuspended in Bugbuster protein extraction reagent (Novagen) for protein extraction according to that described in the instruction manual. His-fusion proteins were purified by using the Ni-NTA His-Bind Resin (Novagen), eluted with 0.5 M imidazole and dialyzed with BC-100 buffer.
In vitro kinase assay. For in vitro kinase assay, recombinant human STAT1 (Biosource, Camarillo, CA, USA) and STAT2 (Abcam, Cambridge, MA, USA) proteins or purified His-STAT1 protein and His-STAT1 mutant protein were incubated with active SGK1 (10-100 ng) (Upstate) in a total volume of 20 ml kinase buffer (25 mM Tris-HCl, pH 7.5, 5 mM b-glycerophosphate, 2 M dithiothreitol, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 , and 8 mCi[g- Drug injection to the brain and immunohistochemistry. For Ab injection to the brain, rats (Sprague-Dawley, male, 250-350 g bred at the Institute of Biomedical Sciences, Academia Sinica) were anesthetized with pentobarbital (40 mg/kg, ip) and placed on the stereotaxic instrument and Ab (30 mg/ml) was injected to hippocampal CA1 area bilaterally at an injection volume of 0.8 ml each side. The injection rate is 0.1 ml/min. The coordinates for CA1 injection are: AP 3.5 mm posterior to the bregma, ML ± 2.5 mm from the midline and DV 3.4 mm ventral to the skull surface. In another group of rats, sgkS78D (1.6 mg) was transfected to CA1 area 4 days after Ab injection. The other two groups of rats received 1% DMSO or sgkS78D transfection alone. Before injection, sgkS78D was diluted in 5% glucose to a stock concentration of 2.77 mg/ml. Branched polyethyleneimine of 25 kDa (Sigma-Aldrich) was diluted to 0.1 M concentration in 5% glucose and added to the DNA solution. Immediately before infusion, 0.1 M polyethyleneimine was added to reach a ratio of polyethyleneimine nitrogen per DNA phosphate equal to 10. The mixture was vortexed for 30 s and allowed to equilibrate for 15 min at room temperature. The concentration and volume for DNA injection was 1.6 mg in 0.8 ml each side. Seven days after Ab injection (with or without sgkS78D transfection), animals were again anesthetized with pentobarbital (40 mg/kg, ip) and processed for immunohistochemistry as described earlier. 37 Mouse anti-Ab antibody (1 : 250, Santa Cruz) and mouse anti-NeuN antibody (1 : 1000, Chemicon) were used. The secondary antibody used was goat antimouse antibody conjugated with Cy3. The hippocampal tissue was also stained with thioflavin S (0.01%, Sigma-Aldrich) for visualization of Ab aggregates. 45 Images were visualized and taken under a fluorescence microscope. In a separate group of animals, rats were killed 7 days after Ab treatment. Their brains were taken and cut with a brain slicer. The tissue session containing the hippocampal CA1 area was dissected out for western blot assays (for Figure 7a) .
Statistical analysis. One-way analysis of variance and the post hoc NewmanKuel multiple comparison test were used for analyzing the results. Statistical significance was evaluated at the level of Po0.05 and Po0.01.
